Phonon modes and Raman intensities of Ge quantum dots ͑QDs͒ with two different types of surfaces, a free standing surface or a fixed surface, in a size range from five atoms to 7 nm in diameter, are calculated by using a microscopic valence force field model. The results are compared, and the effects of surfaces on phonon properties of QDs are investigated. It is found that phonon modes and Raman intensities of QDs with these two different types of surfaces have obvious differences which clearly reveal the effects of the surfaces of QDs. The calculated results agree with existing experimental observations. We expect that our calculations will stimulate more experimental measurements on phonon properties and Raman intensities of QDs.
I. INTRODUCTION
Semiconductor quantum dots ͑QDs͒ have attracted much research attention in recent years because of their importance in the fundamental understanding and potential applications of electronic devices, information processing, and nonlinear optics. 1 Many optical, transport, and thermal properties of QDs are related to the phonon behavior in QDs. A clear theoretical understanding of these properties requires a reliable description of phonon modes and electron-phonon interactions in QDs.
So far, most of the theoretical understanding of phonon modes in QDs is based on continuum dielectric models. Analytic expressions of the eigenfunctions of LO phonons and surface optical phonons of small spherical 2-10 and cylindrical 11 QDs were derived, and the electron-phonon interactions calculated. The extended continuum dielectric model, [8] [9] [10] coupling the mechanical vibration amplitudes and the electrostatic potential, has made major improvements over classical dielectric models in the study of phonon modes in QDs. However, one of the basic assumptions of all dielectric models is that the material is homogeneous and isotropic, and this is valid only in the long wavelength limit. When the size of a QD is small, in the range of a few nanometers, the continuum dielectric models are intrinsically limited. On the other hand, one of the major difficulties in a microscopic modeling of phonon modes in QDs is its computational intensity. For example, for a Ge QD of about 8 nm, there are 11 855 atoms in it. Considering the threedimensional motion of each atom, the dynamic matrix is in the order of 35 565. This is an intimidating task even with the most advanced computers.
In recent years, we have developed a microscopic valence force field model [12] [13] [14] [15] [16] ͑VFFM͒ to study phonon modes in QDs by employing projection operators of irreducible representations of the group theory. [17] [18] [19] [20] By employing group theory we can reduce the computational intensity dramatically. For example, the above matrix of size of 35 565 for QDs with 11 855 atoms can be reduced to five matrices in five different representations of A 1 , A 2 , E, T 1 , and T 2 , with sizes of 1592, 1368, 2960, 4335, and 4560, respectively. Therefore, the original problem is reduced to a problem that can be easily handled by most reasonable computers. Furthermore, the employment of group theory proves to have played a much more important role than we expected. It not only allows the investigation of phonon modes in QDs of much larger sizes, but also it allows the investigation of phonon modes in QDs with different symmetries. These investigations led to many interesting physics that otherwise cannot be revealed. [12] [13] [14] [15] [16] With this model, we have studied the size effects of phonon modes in semiconductor QDs, including QDs of one material, such as GaAs or InAs, [12] [13] [14] as well as QDs with a core of one material embedded in a shell of another material, such as GaAs cores embedded in AlAs shells. 15 We have also studied the size effects of Raman intensity in Si QDs. 16 One thing we want to point out is that in all of our previous calculations, we used a free surface approximation, i.e., the atomic bonds at the surfaces were truncated and atoms at surfaces left with dangling bonds. To our knowledge, all other existing microscopic modelings on phonon modes in QDs also treated the surfaces in the same way. [21] [22] [23] We all know that this is far from the experimental reality in many circumstances. Surface effects on electronic and phonon properties of QDs have always been one of the major concerns in investigations of properties of QDs. The smaller the size of QDs, the larger the ratio of surface states to bulk states, the more important the surface of QDs.
In this work, we want to investigate the effects of different surfaces on phonon modes and Raman intensities of QDs. To achieve this goal, we have calculated phonon density of states ͑DOS͒ and Raman intensities of Ge QDs of different sizes with two different types of surfaces, one with free-standing surfaces as we did before, and another with fixed surfaces. These results of QDs with these two types of surfaces are calculated and compared, and the surface effects are analyzed and investigated. The results are also compared with the available experimental data, and our understanding of the fundamental physics are discussed. This paper is organized as follows. In Sec. II, we describe our theoretical approaches briefly. In Sec. III, we show results of phonon DOS and present a discussion. In Sec. IV, we show results of Raman intensities and present a discussion. Section V is a summary.
II. THEORETICAL APPROACH
In our calculations, phonon modes in QDs are calculated by using the VFFM. 24 The details of the theoretical approaches were described in our previous publications. [12] [13] [14] [15] [16] In this VFFM, only two parameters C 0 and C 1 , that describe the bond stretching and bond-angle bending forces, are introduced. The simplicity of this model allows us to focus attention on the fundamental physical properties of the systems. In calculations presented here C 0 and C 1 for Ge are taken as 47.2 and 0.845 eV, respectively. 24 The calculated results at high symmetrical points in the Brillouin zone for Ge bulk material are shown in Table I . For comparison, the experimental data are also listed in brackets. We can see that the agreements are reasonably good in general. On the other hand, because of its simplicity, this model cannot reproduce the entire phonon dispersion relation accurately. For example, the transverse acoustic phonon dispersion curve near the center of the Brillouin zone is not steep enough, and it is not flat enough near the boundary of the Brillouin zone. Keeping this in mind, we can better understand the calculated results of phonon properties of QDs.
After phonon modes are calculated by the VFFM, the Raman intensities of QDs are calculated by the bond polarizability approximation. This approach was described in detail in our previous work, 16 so it will not be repeated here.
We treat QDs with free surfaces the same was as we did before. [12] [13] [14] [15] [16] For QDs with fixed surfaces, we could rewrite our computer programs to calculate their phonon modes exactly. However, since we have existing computer programs to calculate phonon modes in QDs with a core/shell structure, 15 we take an easy approach in the following. We use the core/shell QD model and make the core a Ge QD. Then we take the mass of atoms in the external shell to be 1000 times the mass of the Ge atoms, and take the thickness of the external shell to be more than 0.3 nm. The large mass of atoms in the external shell ensures that the interface between the core and shell is well fixed, and the thickness of the shell is larger than the Ge bond length, which ensures that no dangling bond of Ge atoms is left at the surface of the QDs.
III. PHONON DOS
We have calculated phonon modes in Ge QDs with two different types of surfaces, a free standing surface or a fixed surface, in a size range from five atoms up to about 7 nm in diameter. Then the DOS, D(), is calculated by the Lorentz broadening
where i is an eigenfrequency, n i is its number of degeneracy, which is one for A 1 and A 2 modes, two for E modes, and three for T 1 and T 2 modes, and ⌫ is the half Lorentz width, which is taken as 0.5 cm Ϫ1 in our calculations. The summation runs over all phonon modes.
The DOS of QDs with these two types of surfaces with a few sizes are shown in Fig. 1 . The left panel is for QDs with a fixed surface, and the right panel if for QDs with a free surface. Comparing these results we notice that there are more low frequency peaks in QDs with free surfaces than in QDs with fixed surfaces. This is very obvious when the size of a QDs is less than 3 nm. When the size of a QDs increases, the DOSs of QDs with these two different surfaces both approach that of bulk. One major feature of phonons in QDs with fixed surfaces is that there is always a major peak at the frequency of about 211 cm Ϫ1 , which corresponds to the frequency range between the optical and acoustic phonons of the bulk Ge. This peak represents interface phonons, which is still strong in QDs of 7 nm, the maximum size of our present calculations.
To compare our results with the bulk phonon DOS carefully, we plotted the DOSs of QDs with two different types of surfaces and bulk material together. In Fig. 2 , the solid line is for the DOS of Ge bulk material, and the dashed and dotted lines are for QDs of 7 nm with fixed and free surfaces, respectively. Comparing to the bulk phonon DOS, the major difference in the DOSs of QDs with fixed surfaces is the existence of an interface phonon peak, and the DOSs of QDs with free surfaces are obviously higher than that of Ge bulk material in the low frequency range. For the major optical peak, the DOSs of both types of QDs are lower than that of bulk, with a slightly redshift of the frequency. This is more obvious for DOSs of QDs with free surfaces. Both the differences in the low frequency range and in the major optical peak indicate the influence of surface effects on phonon modes in the long wavelength range of the bulk material. The longer the wavelength, the more sensitive it is to the surface differences. Some of these features will be discussed next.
IV. RAMAN INTENSITIES
We have calculated Raman intensities of QDs with two different types of surfaces with approximate diameters between 0.5 and 7.0 nm. Again the Raman intensity I is calculated by the Lorentz broadening
where I l and l are the scattering intensity and eigenfrequency of mode l, respectively, and ⌫ is the half Lorentz width, which is taken as 0.5 cm Ϫ1 in our calculations. Following our previous work, 16 Raman intensities of A 1 , E, and T 2 modes for each QD are calculated and investigated.
We notice from our results that even though the size effects on the strengths of Raman peaks of Ge QDs with free surfaces are very similar to those discussed in our previous work, 16 the size effects on strengths of Raman peaks of QDs with fixed surfaces are obviously different. In general, the Raman strengths of QDs with fixed surfaces are more similar to those of the bulk material, but they also have unique features. These will be discussed in detail next.
We have listed related important data in Table II that are numerically more accurate. The data listed in order are the diameters of the QDs calculated (d), the number of atoms in the QDs (N), the frequency of the highest peak of the T 2 mode ͓ T2 (free)͔ and the integrated intensity of T 2 modes ͓I T2 (free)͔ of QDs with free surfaces, and the same two quantities of QDs with fixed surfaces ͓ T2 (fix) and I T2 (fix)]. For easier comparison, all intensities listed above are Raman intensity per atom. The important features of these results will be discussed next.
A. Size effects on strengths of the Raman peaks
All Raman intensities in three different symmetries A 1 , E, and T 2 , of QDs with two different surfaces and different sizes, are calculated and investigated. It is found that the size effects on the total strengths of Raman peaks for Ge QDs with free surfaces are similar to those of Si QDs studied before, 16 but it is different for QDs with fixed surfaces. It is found that in general the Raman strengths of A 1 and E modes in QDs with fixed surfaces are much smaller than those in QDs with free surfaces, with a ratio of the order of 10 Ϫ11 . This indicates that the A 1 and E Raman intensities in QDs with fixed surfaces can be ignored with the computational accuracy considered, which is similar to the Raman intensities of bulk materials. This is the reason that corresponding numbers of A 1 and E intensities are not listed in Table I . They are too small to be considered seriously. Not only is this true for A 1 and E modes, but it also is true for T 2 modes II. Raman intensities of T 2 modes for Ge QDs with two different surfaces, a free surface or a fixed surface, with approximate sizes of 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 nm. The data listed in order are the diameters of the QDs (d), the number of atoms in the QDs (N), the frequency of the highest peak of T 2 ͓ T2 (free)͔, and the integrated intensity of T 2 modes ͓I T2 ͑free͔͒ of QDs with free surfaces, and the same two quantities. All intensities listed are Raman intensity per atom. in the low frequency range. Because of this, there is no obvious Raman peaks in A 1 and E modes for QDs with fixed surfaces, and there is no obvious Raman peaks in the low frequency range of T 2 modes. In Figs. 3 and 4 , the Raman intensities of T 2 modes for QDs with two different surfaces and different sizes are shown. From these two figures and the DOSs shown above, we learned that Raman peaks at the lower frequency range in Fig. 3 are caused by the free surfaces of QDs. Similarly, all the low frequency Raman peaks in A 1 , E, and T 2 in QDs with free surfaces, that were shown in Figs. 1-3 of Ref. 16 , are also caused by the free surfaces of QDs. On the other hand, for QDs with fixed surfaces, the low frequency property are more similar to that of a bulk material, i.e., the low frequency Raman peaks can be ignored in QDs with fixed surfaces.
Since experimentally the presence of multiple Raman peaks as shown in Figs. 3 and 4 may not be resolvable due to size fluctuation ͑instead a broadened peak is observed͒, we have also integrated all the Raman intensity for each QD to obtain the total strength of the Raman peaks. To do this we have summed the calculated Raman intensities ͑without broadening͒ for all A 1 , E, and T 2 modes respectively, for QDs with different sizes. Our result show that for QDs with fixed surfaces, the total Raman intensities of A 1 and E modes are very small (10 Ϫ12 ) comparing to the total strengths of T 2 modes (10 Ϫ1 ), and the integrated Raman intensities of T 2 modes remain almost exactly as a constant ͑see Table II͒ . This is different from the total Raman intensities of QDs with free surfaces, 16 but agrees with the bulk material. Thus, we understand that the increase of total Raman intensities in small QDs with free surfaces is mainly caused by the free surfaces of QDs.
B. Size effects of highest frequencies
From our results, we know that, in general, major peaks in the high frequency range of QDs with both types of surfaces always have a T 2 symmetry, which corresponds to T 2 phonon modes with the highest frequencies. When the size of the QDs increases, this frequency approaches the frequency of the bulk optical phonon frequency. Theoretically speaking, when the size of QDs approaches infinity, the total Raman spectrum of QDs approaches the Raman spectrum of bulk Ge, and this will be the only peak left. From Figs. 3 and 4 , we see that this is true for QDs with both types of surfaces. When the sizes of QDs decrease, the frequency of this T 2 peak decreases, due to the confinement of optical phonons in QDs with both types of surfaces. To show this more clearly, we have enlarged the high frequency range of Figs. 3 and 4 and plotted them together in Fig. 5. In Fig. 5 , the solid lines are for QDs with fixed surfaces and the dashed lines are for QDs with free surfaces. The frequency of the optical phonons at the center of the bulk Brillouin zone in our model is 300.9 cm Ϫ1 , which is shown as a vertical dashed line in Fig. 5 . The frequency of the highest Raman peak for different QDs are listed in Table II . From Fig. 5 and Table II , we see that when the sizes of the QDs are the same, the shifts of the frequency of the highest Raman peak for QDs with different surfaces are quite similar. When diameters of Ge QDs are less than 4 nm, the frequencies of the highest Raman peaks in QDs with free surfaces are slightly lower than those in QDs with fixed surfaces. This systematic redshift of phonon peaks due to spatially confined phonon modes in nanocrystals in the size range of a few nm have been observed, [25] [26] [27] and recently it was observed by resonant Ra- man scattering in three samples of Ge nanocrystals in the size range of 4 -10 nm. 28 From our calculations of QDs with two different types of surfaces, we conclude that this is a true quantum confinement effect. From Figs. 3-5 we also see that Raman intensities for QDs with free surfaces have a broader tail of peaks, and the corresponding ones for QDs with fixed surfaces have fewer peaks. This tells us that some of these peaks are caused by vibrations of atoms near the free surfaces.
Another thing we notice from Figs. 3-5 is that, for high frequency peaks of T 2 modes, not only does the highest intensity peak redshift as the dot size decreases, but weaker peaks appear at the same time. This is true for QDs with both types of surfaces. Experimentally it may be difficult to resolve all the weaker peaks because of the broadening resulting from the fluctuation in dot sizes. Therefore, one may observe an asymmetric broadening of the Raman peak corresponding to the optical phonon as the dot size is reduced. This was indeed found in Raman intensities of Ge QDs. 29 As we pointed out in our previous work, one may attempt to interpret the asymmetrical broadening of Raman peaks in experimental observations as an indication that the quality of the dots may be poorer; thus it leads to larger inhomogeneous broadening at lower frequencies. However, from our calculations of Raman intensities of QDs, we notice that the redshift of the strongest T 2 Raman peak is smaller than the frequency spread of the weaker peaks which appear. In other words, the broadening of the Raman peak is larger than the redshift as the dot size decreases. This is true for QDs with both types of surfaces. This indicates that the observed broadening in Raman measurements is not only due to the redshift of the major peak alone, but there could be a major contribution to the broadening from the quantum size effects.
C. Size effects of lowest frequencies and folding of the acoustic phonons
As we discussed above, in the low frequency range the Raman intensities of QDs with free surfaces are similar to what we discussed in detail in our previous work. For example, there is a folding of the acoustic phonons for A 1 modes in the low frequency range, as shown in Fig. 1 of Ref. 16 . But the Raman intensities for QDs with fixed surfaces are too small to discuss. This indicates that a folding of A 1 acoustic phonons in QDs with free surfaces is caused by the free surfaces, which is different from our original understanding.
D. Existence of a Raman peak of interface modes for QDs with fixed surfaces
One unique feature we notice in the Raman strength of QDs with fixed surfaces is that there exists a Raman peak at the frequency of about 211 cm Ϫ1 in QDs of all different sizes. We have noticed that there is a major peak at the same frequency range for DOSs of all QDs with fixed surfaces, as shown in Fig. 1, and we have discussed the interface feature of these modes in Sec. III.
To study the interface modes more carefully, we have employed the concept of the average vibration amplitude 13 to investigate it. The average vibration amplitude A l i of the lth shell in the ith phonon mode is defined as
where a lk i is the vibration amplitude of the atom k in the lth shell in the ith phonon mode, and n is the total number of atoms in the lth shell. In Fig. 6 , we show the average vibration amplitudes of the T 2 mode with a frequency of 210.5 cm Ϫ1 in 6.0-nm ͑diameter͒ QDs with fixed surface. From the above figures we believe that this is an interface mode. From Fig. 6 we see that obviously the vibration amplitudes of this mode is small in the internal region of the QD, but very large near the interface. This indicates that this is indeed an interface mode. For comparison, we have also plotted the average amplitudes of the T 2 mode with the highest frequency of 300.5 cm Ϫ1 for the same QD. This is a confined optical mode, as we discussed in previous work. 13
V. SUMMARY
In summary, we have calculated phonon DOSs and Raman intensities of Ge QDs with two different types of surfaces. The results are compared with each other, and with the experimental data and properties of the bulk material. It is found that when the sizes of QDs is large, such as 7 nm, the DOSs of phonon modes of QDs with fixed surfaces are similar to that of bulk material, except for the existence of a sharp peak that corresponds to interface modes. The DOSs of QDs with free surfaces are similar to those of a bulk material, but there is obvious difference in the low frequency range. For Raman intensities, the results of Ge QDs with free surfaces are qualitatively similar to those of Si QDs that we discussed above, but the results of Ge QDs with fixed surfaces are quite different.
In the latter, the Raman intensities in the acoustic frequency range are similar to those of the bulk material, and in the high frequency range there exist two different types of Raman peaks: one caused by the confined optical modes, and another caused by the interface between the QDs and the external material. The first type has the same behavior as those in QDs with free surfaces, with similar redshifts as the size decreases. The interface phonons in a frequency range between the acoustic and optical phonon frequency range of bulk Ge are unique for QDs with fixed surfaces. The comparison of results of the Raman intensities in QDs with these two different surfaces reveals the surface effects on Raman intensities of QDs. In our theoretical calculations, we have considered these two different surfaces which are two extreme cases, i.e., the free standing surface corresponds to extremely light surface atoms and the fixed surface corresponds to extremely heavy surface atoms. In real QDs that are fabricated and observed in experiments, in most situations the surface of QDs will be somewhere in between. Our calculated results agree well with the existing experimental observations, and we expect that our calculations can stimulate more experimental measurements of related properties of QDs.
